The aim of this study was to assess the formation and the behavior of halogenated byproducts (regulated THMs and HAAs, as well as nitrogenous, brominated and iodinated DBPs including the emerging iodo-THMs) along the treatment train of full-scale desalination plants. One thermal multi-stage flash distillation (MSF) plant and two reverse osmosis (RO) plants located on the Red Sea coast of Saudi Arabia. DBPs formed during the prechlorination step were efficiently removed along the treatment processes (MSF or RO). Desalination plants fed with good seawater quality and using intermittent chlorine injection did not show high DBP formation and discharge. One RO plant with a lower raw water quality and using continuous chlorination at the intake formed more DBPs. In this plant, some non-regulated DBPs (e.g., dibromoacetonitrile and iodo-THMs) reached the product water in low concentrations (< 1.5 μg/L). Regulated THMs and HAAs were far below their maximum contamination 2 levels set by the US Environmental Protection Agency. Substantial amounts of DBPs are disposed to the sea, low concentrations of DBPs were indeed detected in the water on shore of the desalination plants.
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Environmental Protection Agency (US EPA) for total THMs (80 μg/L), total HAAs (60 μg/L) and bromate (10 μg/L) [8] , and are enforced by the Saudi Arabian Standards Organization.
Studies on the impact of brine discharges from desalination plants focused mainly on salinity, scaling control additives and the presence of heavy metals such as copper released from corrosion in multi-stage flash plants [9, 10] . Limited data regarding the discharge of DBPs has been published and little is known about their potential impact on aquatic organisms. THMs have been detected near distillation plants at levels of up to 9.5 μg/L [11] and 90 μg/L [12] . Bromoform and dibromoacetonitrile (DBAN) concentrations were reported in cooling water discharges of European coastal power plants (0.72-29.2 μg/L and 0.1-3.15 μg/L, respectively) [13] . Although these concentrations are supposed to be reduced by mixing coupled with biotic (e.g., biodegradation) and abiotic mechanisms (e.g., evaporation, photolysis) within a few kilometers [14] , they could have an impact in the vicinity of the point of discharge, especially towards sensitive species exposed to chronic concentrations. THMs and HAAs were found to affect bivalves and aquatic macrophytes [15, 16] . A median lethal dose of 1000 μg/L was reported for bromoform exposure to oyster (Crassostrea virginica) larvae and significant toxicity was observed at concentrations as low as 50 μg/L [15] . Very low concentrations of monochloroacetic acid (MCAA) and monobromoacetic acid (MBAA) (7 μg/L and 20 μg/L, respectively) were found to inhibit growth in green algae Scenedesmus subspicatus [16] . However, no information is available about the occurrence of other DBPs (N-DBPs, I-DBPs) and their impact on marine organisms.
Very few studies reported the occurrence of DBPs in full-scale seawater desalination plants, and these studies mainly focused on THMs [17] [18] [19] . THMs concentrations in the range 2.7-22.8 μg/L were found in the distillate of MSF plants in Kuwait [18] . Very low levels of HAAs were reported in the product water of a MSF plant in Saudi Arabia (1.5-2.4 μg/L) [20] . In MSF plants, more than 98% of THMs formed after chlorination are transferred to the atmosphere through the venting system. In SWRO plants, the apparent rejection of DBPs depends on the nature of the compounds (e.g., molecular weight, width, charge and hydrophobicity), as well as the membrane properties (e.g., molecular weight cut-off, 4 surface charge and hydrophobicity) and feed water composition (e.g., pH, temperature, DOC, inorganic compounds) [21, 22] . A few studies reported the rejection of DBPs by RO or nanofiltration membranes in lab-scale experiments or pilot plants [23] [24] [25] . The rejection of negatively charged HAAs (average rejections 86%-94%) by RO membranes is higher than that of neutral byproducts (average rejections ~60%-90%) [23, 25] . Among neutral byproducts, the lowest rejection was observed for chloroform (TCM) (~60%), because of its low molecular weight (119.4 g/mol) [25] . While these values have been reported in lab-scale or pilot-scale studies, data on DBP occurrence and rejection in full-scale SWRO desalination plants is lacking, especially with respect to emerging species such as N-DBPs or iodo-THMs.
The goal of this study was to assess the formation and the behavior of various halogenated byproducts (THMs, HAAs, HANs) along the treatment train of different full-scale desalination plants, to evaluate the removal of DBPs by desalination processes and to monitor the quality of the water produced as well as the brine. The occurrence of DBPs was analyzed in one thermal MSF plant and two SWRO plants equipped with Polyamide (PA) and Cellulose Triacetate (CTA) membranes, all located on the Red Sea coast of Saudi Arabia. In order to better understand the role of foulant material on the production of DBPs in the CTA RO train that is fed with chlorinated water, chlorination of the material accumulated at the surface of the membrane (i.e., recovered from harvested RO module) was performed in batch mode.
Materials and Methods

Materials
All reagents were of commercial grade and were used without further purification. MilliQ water was produced with a Millipore system. Sodium hypochlorite (NaOCl, 5.65-6%, Fisher Scientific) was used for DBP formation potential tests. Sodium thiosulfate (Fisher Scientific) was used to quench residual chlorine. THM calibration mix (THM4: chloroform (TCM), dichlorobromomethane (DCBM), dibromochloromethane (DBCM) and bromoform (TBM)), a mixed standard containing haloacetonitriles (HANs), trichloronitromethane (TCNM, or chloropicrin) and haloketones (HKs) (EPA 551B Halogenated Volatiles Mix), a mixed standard containing 9 HAAs (EPA 552.2 Methyl Ester Calibration Mix), iodoform and surrogate standard decafluorobiphenyl were supplied from Supelco (Sigma-Aldrich). Iodo-trihalomethanes (I-THMs) (dichloroiodomethane (CHCl 2 I), chlorodiiodomethane (CHClI 2 ), chlorobromoiodomethane (CHBrClI), dibromoiodomethane (CHBr 2 I), bromodiiodomethane (CHBrI 2 )) were purchased from Cansyn Chem. Corp. Synthetic seawater was prepared following the protocol of Grasshoff et al [26] with inorganic (no organic matter added) composition similar to that of the raw seawater at SWRO plant 2 (i.e., same alkalinity, 60 mg Br/L, 0.05 mg I/L, pH 8.2).
Sampling
All samples from the desalination plants were collected in 500 mL amber bottles before and after each treatment step, and filled without headspace to avoid the volatilization of DBPs. Residual chlorine was quenched immediately in slight excess of sodium thiosulfate and transported in coolers with icepacks and after few hours of transportation stored at 4°C before analyses. All bottles were washed with MilliQ water and baked at 500°C for at least 5 h prior to use. At the MSF plant, samples were collected in July 2012 along one evaporator unit: raw seawater, chlorinated seawater, feed after heat rejection, brine recycle, brine blowdown, and distillate, as shown in Figure S1 (Supporting Information, SI). The design capacity of the MSF unit was 74,000 m 3 /d, with recirculating brine consisting of 21 stages (19 heat recovery stages and 2 heat rejection stages). A chlorine residual of 0.25 mg/L as Cl 2 was maintained continuously to the inlet of the heat rejection section. SWRO plant 1 was located in the same area as the MSF plant, and samples were collected in July 2012 from: raw seawater, chlorinated seawater, after dual media filters (DMF), after micron cartridge filters (MCF) and sodium bisulfite (SBS), 1 st pass permeate, 2 nd pass permeate, 1 st pass brine, and 2 nd pass brine ( Figure S2 , SI). SWRO plant 1 was 6 equipped with polyamide (PA) RO membrane and its design capacity is 150,000 m 3 /d (10 trains). A chlorine residual of 0.50 mg/L as Cl 2 (measured between DMF and MCF) was maintained at the time of sampling, and was usually applied once a week for three hours in normal operating conditions. Residual chlorine is quenched using SBS immediately prior the 1 st pass RO filtration. SWRO plant 2 had a design capacity of 216,000 m 3 /d water production with two passes of RO filtration. Continuous chlorination (0.7-1 mg/L) was applied at the intake point. The first pass of RO filtration consisted of cellulose triacetate (CTA) membranes, used for their resistance to chlorine. SBS was normally applied before this first pass of RO and was stopped for 1h every 8h to limit the biofouling of the membrane. Two sampling campaigns (May and July 2013) were performed at SWRO plant 2. Duplicate samples were collected at similar locations than SWRO plant 1, with additional samples at the 2 nd pass RO step comprising two stages and product water after potabilization (i.e., remineralization) ( Figure S3 , SI). During the first sampling campaign (May 2013), samples at the 1 st pass RO (permeate and concentrate) were collected during normal dechlorination conditions (1.5 -2.5 mg/L of SBS) and during the chlorination period.
Raw seawater quality parameters (i.e., pH, turbidity, DOC, TDS, chloride, bromide and iodide ions) for each plant are described in Table S1 of the SI.
Isolation and cleaning of RO membrane deposits
Deposits from the fibers of a RO module from SWRO plant 2 were subjected to several steps of isolation and cleaning. First, fibers were harvested from the module, rinsed with Milli-Q water and the foulant material was recovered using sonication in Milli-Q water. The sample was dialyzed against oxalic acid (1% weight/volume, to remove iron) or oxalic acid followed by hydrofluoric acid (1% weight/volume, to remove silicate). After a final dialysis against Milli-Q water, powdered foulant materials (no purification, iron-free, iron and silicate-free) were recovered after freeze-drying.
DBP formation potential
Chlorination experiments of membrane deposits were performed in 500 mL sealed amber bottles. All 7 glassware used for these experiments was washed with Milli-Q water and baked at 500°C during at least 5 h prior to use. Colloidal suspensions of the membrane foulant (1 mg C/L) were prepared in synthetic seawater (pH 8.3) under sonication and chlorinated for 24h, following the approach of Krasner et al. [27] , using a chlorine dosage calculated by Equation 1.
At the end of the reaction time, chlorine residual was quenched using a slight excess of sodium thiosulfate.
Analyses
Nine THMs (4 chlorinated and brominated THMs (THM4) and 5 I-THMs), four haloacetonitriles (HAN4), two haloketones (HKs), and chloropicrin were extracted and analyzed following EPA method 551, which consists of a liquid-liquid extraction using MTBE followed by gas chromatography coupled with electron capture detector (GC/ECD) [28] . Nine HAAs (HAA9) were extracted and analyzed following EPA method 552.2, which is based on a liquid-liquid extraction in acidic conditions followed by derivatization to methyl esters using acidic methanol and analysis by gas chromatography coupled with mass spectrometry (GC/MS) [29] . All DBPs analyzed are described in Table S2 (SI). Method detection limits for HANs, HKs, TCNM, Cl and Br-THMs, HAAs and I-THMs were 0.13 µg/L, 0.08 µg/L, 0.12 µg/L, 0.02 µg/L, 0.02 µg/L and 0.09 µg/L respectively, based on standard deviation of 3
replicates. Dissolved organic carbon (DOC) content was measured by a Shimadzu TOC-Vcsh Analyzer.
Analytical details of LC-OCD analyses are provided in Text S1 of the SI.
Results and discussion
DBP results in MSF plant
Because of the presence of high bromide ion content in the seawater, the proportion of brominated 8 DBPs formed after chlorination was more important than the amount of chlorinated DBPs. This is explained by the fast reaction between chlorine and bromide ion leading to the production of hypobromous acid (HOBr) (Equation 2), which is a more reactive oxidizing species than hypochlorous acid (HOCl) [30] . Depending on pH, hypobromite ion can also be present (pKa = 8.8) (Equation 3).
HOCl + Br -→ HOBr + Cl -
HOBr  OBr -+ H +
The speciation of halogenated DBPs is affected by the ratio between HOBr (and thus the initial concentration of bromide in seawater) and DBP precursors (i.e., dissolved organic carbon). Because of the high concentration of bromide ion (60 mg Br -/L) in the seawater, bromoform (TBM) was the dominant species observed in the chlorinated seawater (6.10 μg/L in CSW), accounting for 95% of THM4. No chloroform was detected at any step of the two desalination plants (Table S3, as vent gases. THM4 concentration in the recycled brine was much lower than in the make-up feed water before deaeration (9.53 and 47 μg/L, respectively). This is attributed to the dilution effect (by a factor of 3.3) when mixing make-up water with the brine in the last stage, and also to partial removal in the deaeration unit [17] . DBAN was also detected in the distillate at concentrations of up to 0.45 μg/L, accounting for 31% of the brine concentration, and 0.53 μg/L were discharged in the brine blowdown.
No other DBPs (e.g., HAAs) were detected in the distillate. HAA9 concentration in the brine blowdown was 4.50 μg/L (82% of the HAA9 concentration analyzed in the brine recycle), indicating a low elimination through the venting system (18%). This is due to the lower volatility of HAAs as compared to THMs. Overall, the elimination of THM4 and HAN4 from the make-up feed to the distillate was 99.2% and 90.7%, respectively. The removal of THM4 was higher than previous observations made in similar MSF plants (89-94% removal) [17, 18] .
The concentrations detected in the distillate were significantly lower than the recommendations of the World Health Organization (WHO) for these DBPs (100 μg/L for TBM and 70 μg/L for DBAN) [31] .
THM4 and HAA9 were also far below the Maximum Contaminant Levels (MCL) set by the US Environmental Protection Agency (USEPA) and followed in Saudi Arabia (80 μg/L for THM4 and 60 μg/L for HAA9) [8] . Error bars represent the standard deviation between duplicate measurements.
DBP results in SWRO plant 1
In SWRO plant 1, TBM was the major DBP quantified in the sample collected just after the chlorination point, i.e., 5.93 μg/L in CSW ( obtained in lab-scale studies for TBM (i.e., 90% rejection) [25] . All HANs and HAAs were totally removed by the RO membranes. This is also consistent with lab-scale observations from the literature, where the negatively charged HAAs were rejected more effectively (i.e., 86-94% rejection for all HAAs) than neutral DBPs by composite polyamide RO membranes [25] . Because the MSF plant and SWRO plant 1 are both located in the same area exhibiting a relatively low DOC (0.98 mg C/L, Table   S1 , SI), the overall DBP production was quite low. Concentrations of halogenated DBPs detected in the permeate of the RO plant were also significantly lower than the recommendations of WHO and the MCLs set by the USEPA described above.
DBP results in SWRO plant 2
Two sampling campaigns were performed at the SWRO plant 2 in May and July 2013. The raw seawater was more enriched in dissolved organics (DOC = 1.62 and 1.33 mg C/L in May and July 2013, respectively) as compared to SWRO plant 1 (DOC = 0.98 mg C/L). The higher DOC content, mainly represented by a more abundant biopolymers content (indicator of stronger biological activity, see Figure S4 , SI), as well as the continuous chlorination condition, would probably explain the higher DBP formation observed after chlorination at SWRO plant 2 (Figure 2 , Table S5 and Table S6 , SI). THMs and HAAs followed the same trends between the two sampling campaigns, concentrations being slightly lower in July than in May due to the lower DOC content (Figure 2 ). This lower concentration in July could also be due to the slightly higher temperature of seawater in July (31-32 °C) as compared to May (29 °C). THM4 concentrations (14.5-18.4 μg/L) in the chlorinated seawater were 2-3 times higher than in SWRO plant 1, while HAA9 (5.7-6.9 μg/L) were similar. HANs concentrations in the chlorinated seawater collected before DMF (0.43-0.72 μg/L) were also comparable to those in SWRO plant 1, but the concentrations observed in the following steps were considerably higher (e.g., 2.34-4.20 μg/L after DMF). HANs concentrations were also significantly higher in May than in July. The lower raw seawater quality observed in SWRO plant 2, especially in May, can probably be associated with the presence of higher levels of organic nitrogen in the raw seawater. Raw seawater with strong biological activity, e.g., algal bloom events, which occur frequently in shallow coastal Red Sea and the Persian Gulf areas, incorporates higher nitrogenous moieties responsible for higher formation of N-DBPs. Moreover, organic nitrogen precursors are known to react slowly with chlorine to form HANs as compared to other DBPs [32] , which would explain the higher concentrations observed after DMF (i.e., after longer contact times with chlorine). Hence brines are more and more concentrated along the passes and stages, which explains the important [33, 34] . THMs rejections ranging from 1 to 30% were reported from a lab-scale study using CTA membranes and were attributed to the high affinity of the solutes to the membrane surface [34] . As observed in the SWRO plant 1, HAAs were substantially removed by the 
HOBr + I -→ HOI + Br - (5) Hypoiodous acid is expected to react with organic matter to form iodinated DBPs, including I-THMs or I-HAAs. I-THMs, especially iodoform (CHI 3 ), were associated with a medicinal taste and odor in finished drinking water [35] . Although the formation of I-THMs is favored by chloramination [36, 37] , the occurrence of dichloroiodomethane (CHCl 2 I) and bromochloroiodomethane (CHBrClI) was reported in U.S. chlorinated drinking waters exhibiting low levels of iodide ion (7.3 μg/L) [6] . In general, I-THMs formation has been associated with short chlorine contact times [6, 38] . This observation is related to the further oxidation of HOI to iodate (IO 3 -) at longer chlorine contact times, thus decreasing its potential reactivity to form I-THMs [39] . For both sampling campaigns, low concentrations of dibromoiodomethane (CHBr 2 I) and diiodobromomethane (CHBrI 2 ) were detected in all samples collected at the SWRO plant 2 after chlorination. Bromochloroiodomethane (CHBrClI) was also observed in the concentrate of each RO pass in July (Table S6 , SI). CHBr 2 I and CHBrI 2 were present in July in the permeate of the 2 nd pass/1 st stage (1.15 and 0.60 μg/L, respectively) and in the product water (0.92 and 0.58 μg/L, respectively) ( Figure 3 ). Their concentrations were usually slightly lower in July than in May, in accordance with results obtained for other DBPs. No sample was collected from the product water for the first sampling campaign in May, but 1.47 μg/L of CHBr 2 I was detected in the permeate water, and CHBrI 2 was below detection limit. These two compounds have been found to be the most cytotoxic I-THMs after iodoform (CHI 3 ) [6] . No CHI 3 was detected in the collected samples, competition between bromine and iodine for incorporation into the THMs shifting the product distribution from CHI 3 to mixed species (e.g., CHBr 2 I and CHBrI 2 ) [36] . 
DBP formation during chlorination of membranes and isolated deposits
During the 1 st sampling campaign at SWRO plant 2 (May 2013), additional samples were collected during the chlorination period of the 1 st pass RO membrane. While no HAAs were observed in the permeate when SBS was used to quench residual chlorine before the membranes (Figure 2 ), 4.15 μg/L TBAA was detected in the 1 st pass permeate during chlorination ( Figure 4 and Table S7 , SI).
Interestingly, DBAA was the dominant species in the feed water of the 1 st RO pass (accounting for 78% of HAA9), but no DBAA was observed in the permeate. A higher concentration of HAA9 (10.09 μg/L) was also observed in the 1 st pass concentrate when membranes were chlorinated as compared to the 17 period of no chlorination (6.19 μg/L). I-THMs (CHBr 2 I and CHBrI 2 ) followed the same trend, their concentration was slightly higher in the permeate during chlorination than in the absence of residual chlorine (2.84 and 1.74 μg/L, respectively). An opposite effect was observed for THMs and HANs (i.e., lower concentrations) in the permeate and the concentrate in the absence of SBS injection. Chlorine was not able to prevent biofouling inside CTA RO modules (results not shown). Hence, HAA occurrence in the permeate could be attributed to the direct chlorination of organic material accumulated at the surface of membranes. Moreover, it was demonstrated that increased negative surface charge caused by fouling could expand the molecular weight cut-off of a RO membrane due to membrane swelling, thus resulting in lower rejection and increased diffusion of organic solutes [34] . Fouling of RO membranes also increases the adsorption of hydrophobic non-ionic solutes such as THMs in the membrane and fouling layer thus resulting in a lower rejection [34] . Our results would indicate that chlorination of the CTA membrane and modification of the fouling layer enhance these effects, i.e. lower rejection of DBPs, more diffusion of HAAs, and adsorption of THMs and HANs. In order to characterize and test the chlorine reactivity of the fouling layer, organic matter accumulated at the surface of a CTA membrane module was isolated. Solid deposits were recovered after freeze-drying with or without dialysis purification. The increase in C, H, and N relative abundances of the isolates (Table S9 , SI) was an indicator of the efficiency of the dialysis steps to remove inorganic substances (iron and silicate). After the two successive dialysis steps (oxalic acid and hydrofluoric acid), the carbon content of the foulant material reached approximately 44%, suggesting low inorganic residual [40] . A colloidal suspension was prepared from these organic materials ( leads to DBP formation at the surface of the membrane and favors their diffusion through the membrane as described above (i.e., HAA results in the permeate, Figure 4 ). Membrane fouling and its impact on membrane properties is a complex process involving feed water composition, water chemistry, hydrodynamic conditions and membrane properties. Complementary studies are needed to understand why TBAA was the main species observed in the permeate during chlorination, although its molecular mass is the highest among HAA9.
DBPs rejected with brine discharges 19
From the average 29.21 μg/L and 281.68 μg/L of TBM detected in the 1 st pass and 2 nd pass/2 nd stage brines, respectively, the estimated reject of TBM in seawater is 17 kg/d (i.e., 6.2 Tones/year) at SWRO plant 2. Even if a major dilution effect occurs when brine water is rejected to the sea, and the high volatility of THMs makes them prone to evaporation (e.g., 21 min half-life for chloroform at 25 °C in stirred reactor [41] ), TBM has a significantly lower vapor pressure than chloroform (670 Pa and 20.8 kPa at 20 °C, respectively [42] ), thus exhibiting a higher persistence potential. A 26 h half-life has been reported for TBM in seawater [43] . This potential persistence associated with favorable currents may explain the relatively high THM concentrations observed in the seawater close to the plant intakes, especially SWRO plant 2 ( Figure 5 ), consisting mainly of TBM (9-25 μg/L). While low levels of TBM can be produced naturally by benthic and planktonic algae (0.8-23 ng/L reported in various seas and oceans [14] ), THMs were previously reported near MSF plants at levels up to 9.5 μg/L [11] and 90 μg/L [12] . Considering the higher boiling points of HAAs and HANs as compared to THMs (especially the brominated species, e.g., 150, 195 and 180 °C for TBM, DBAA and DBAN, respectively), the persistence of these compounds is expected to be even higher than that of THMs. However Several biotic (e.g., biodegradation) and abiotic (e.g., photolysis, hydrolysis, dilution, evaporation, adsorption) mechanisms contribute to the decomposition of DBPs in seawater [14] . Although most DBPs concentrations would be reduced within a few kilometers, their mutagenic character, their persistence and their bioaccumulation are a potential threat to sensitive species subject to chronic exposure in the vicinity of the point of discharge [44] . Nitrogenous, brominated and iodinated compounds are of particular concern because of their enhanced toxicity as compared to chlorinated byproducts [3] .
Conclusions and recommendations
 These results suggest that there is low concern for DBP formation and discharge at desalination plants exhibiting a good seawater quality at the intake and using chlorine intermittently. Plants using continuous chlorination at the intake and showing higher DOC concentrations or presence of algal bloom may be facing a higher formation of DBPs, a portion of which can ultimately reach the product water in conjunction with substantial amounts discharged to the sea.
 Due to environmental and health issues raised by DBPs production and discharge, several alternative disinfectants have been considered, including monochloramine, copper sulfate, ozone and chlorine dioxide [10] . The latter is being considered the best alternative to chlorine since it forms less DBPs.
 Increasing chlorine contact time is expected to reduce the concentration of HOI and thus the production of I-THMs, especially CHI 3 , which can be problematic due to their potential toxicity and taste and odor associated problems.
